New vector-like quarks with electric charge 2/3 and −1/3 can be singly produced at hadron colliders through the exchange of a color octet vector resonance in models of strong electroweak symmetry breaking. We show that electroweak symmetry breaking effects can have a significant impact on the decay pattern of these new quarks. In particular, single production of charge −1/3 fermion resonances, mediated by a color octet vector resonance, typically results in an Hbb final state with a sizeable cross section and very distinctive kinematics. We consider the leading H → bb decay and show that the 4b signal can be very efficiently disentangled from the background: heavy octet masses of up to 3 TeV can be tested with the data already collected at the LHC and up to 5 TeV with an integrated luminosity of 100 fb −1 at √ s = 14 TeV. We also discuss the kinematical differences between the Hbb production in models of strong electroweak symmetry breaking and supersymmetric models and the implications on the phenomenology of non-minimal composite Higgs models.
I. INTRODUCTION
Composite Higgs models are among the leading candidates to dynamically explain the origin of the electroweak symmetry breaking (EWSB) scale. The absence of any significant departure from the Standard Model (SM) predictions in current LHC searches, although somewhat disappointing, was not unexpected [1] . The reason is that the constraints that electroweak precision tests typically impose on the scale of the new resonances are stringent enough to make their discovery in the low energy phase of the LHC highly unlikely. New vector resonances are expected to have masses in the multi-TeV range, well above the current LHC reach [2] [3] [4] . Naturalness [5] [6] [7] [8] [9] and compatibility with electroweak precision tests [10] [11] [12] on the other hand predict fermion resonances to be relatively light with typical masses below the TeV scale.
These new fermion resonances, called top partners, are vector-like quarks that mix strongly with the SM top quark. They are arranged in multiplets of the unbroken global symmetries of the composite sector which are likely to include at the very least an SO(4) custodial symmetry. Top partners can be efficiently searched for at the LHC through their pair or single (electroweak) production [13] [14] [15] [16] [17] [18] and current data are already starting to probe part of the region of parameter space allowed by indirect constraints. It has been recently pointed out that top partners can be also singly produced via the s-channel exchange of a color octet vector resonance.
This production mechanism can be competitive with the previous ones and has the advantage of probing different aspects of the composite sector [19] [20] [21] . Note that, even if a priori the composite sector does not need to have color octet vector resonances, they naturally occur in models in which partial compositeness [22, 23] is realized.
In this article we will show that if the bottom partners, the fermion resonances responsible for the mass of the bottom quark, are not much heavier than the top partners there can be a sizeable production of Hbb events in composite Higgs models [24] . The large cross section has its origin in the single production of a bottom partner, via the s-channel exchange of a heavy color octet vector, followed by the decay into a Higgs boson and the SM bottom quark:
where we have denoted by G * the vector resonance, called from now on heavy gluon, and B H the bottom partner (heavy bottom). If flavor is realized through partial compositeness the bottom quark is lighter than the top quark because it is less composite and not because its partners are much heavier. EWSB effects, on the other hand, are quite relevant to correctly describe the phenomenology of bottom partners. Due to the small mixing between the bottom quark and its partners, the presence of other fermion resonances and the sizeable Yukawa couplings among them can have a large impact in the decay pattern of the heavy fermions. We explain the origin of this effect and its possible relevance in models of strong EWSB in Appendix A. In the example described in the appendix the only resonance accessible at the LHC is the partner of the b R but it has a phenomenology wildly different from a vector-like singlet. This shows that when large couplings are expected among the new particles -like in models of strong EWSB-heavier states beyond the LHC reach can have a huge impact on the phenomenology of the lighter resonances that we can access experimentally. Thus we see that simplified models which consider only the lightest resonances in the spectrum, although an interesting first approach to models of new physics, can have a phenomenology that grossly deviates from the actual phenomenology of the full models.
Hbb production with H → bb decay has been proposed as a useful channel to search for neutral scalars in supersymmetric models at large tan β [25] [26] [27] [28] . The tan β enhancement of the cross section is however dwarfed by the huge QCD background and the difficulty of a clean trigger (imposing a hard cut on the p T of all four b jets reduces the signal to negligible levels). In our case, the large masses of the intermediate particles (G * and B H ) change the picture completely. We can impose very stringent cuts on the p T of the b jets, which ensure a clean triggering and a very efficient reduction of the background. We will show that the specific kinematics of the process allows for an excellent reconstruction of both the bottom partner and the heavy gluon. Other searches that are sensitive to the signature we study in this article, again motivated by supersymmetric models, involve final states with a large number of b-jets plus a sizeable amount of missing energy. Our signal does not have real missing energy but the large energy of the quarks involved represent a non-negligible source of fake missing E T . We will show that simple modifications of current multi-b searches, like the requirement of harder b-jets and/or less missing energy, can turn these analyses into very powerful probes of composite Higgs models.
The main results of this work are the expected 95% C.L. exclusion bounds on the single production cross section of B H (via a heavy gluon) times its branching fraction into Hbb and the discovery reach, that we report as a function of the main parameters of the model. We have found that, assuming Finally, we will argue that in composite Higgs models with an extended scalar sector [29] [30] [31] [32] [33] [34] , a similar process in which the Higgs boson is replaced by a mostly singlet composite scalar might be the discovery mode for these scalars.
This article is organized as follows: we describe our model in Section II. The most relevant features of the Hbb production mechanism in composite Higgs models are discussed in Section III. We then introduce the experimental analysis to search for this signature at the LHC. We discuss our results, given in terms of exclusion bounds and discovery limits in section V and we leave our conclusions for section VI.
We describe in Appendix A some technical aspects of the model, including the importance of EWSB effects in the phenomenology of the lightest fermionic resonances and give an example of the slow decoupling of heavy partners in models of strong EWSB. The relevance of 4b final states as a discovery channel for mostly singlet composite scalars is discussed in Appendix B.
II. THE MODEL
We consider a simplified, two-site [20] version of the minimal composite Higgs model [2, 35, 36] that contains a full description of the bottom sector. This model captures the mechanism of partial compositeness and the implications of the global symmetries in the composite sector. For clarity we neglect non-linear Higgs couplings due to its pseudo-Nambu-Goldstone nature (see [17, 37, 38] for a discussion of the corresponding effects). In this section we will describe the main relevant features of the model. Further details can be found in [20] .
The model consists of a composite sector, with a global 
and the top and bottom partners
The subscript in the name of the quark denotes its electric charge, given by Q = 
The first line involves only elementary fields (denoted with a superscript e), the next four only composite states and the last two the linear mixing among the two sectors realizing partial compositeness. This linear mixing can be eliminated by performing the appropriate rotations so that the physical particles (before EWSB)
are an admixture of elementary and composite states. For instance we can define the physical SM gluon and heavy gluon as follows:
with s s /c s ≡ sin θ s / cos θ s = g e /g c . The SM gluon is of course massless and has a coupling g s = s s g c = c s g e and the heavy gluon has a mass M G * = M G c /c s and coupling −g s s s /c s to elementary states and g s c s /s s to composite ones. In a similar way we can define the SM t R and b R and the heavy vector-like singletsT andB,
with
The fact that the SM left-handed doublet mixes with two different sectors through ∆ L1 and ∆ L2 complicates the expressions for the corresponding rotations. They can be found in the ∆ L2 ∆ L1 limit in [20] and are reproduced, for further discussion, in Appendix A for the charge −1/3 sector. This limit is well motivated by the stringent constraints on the Zb LbL coupling (which receives corrections that are suppressed by the ratio ∆ L2 /∆ L1 ), it explains the fact that m b m t and it is naturally generated by the renormalization flow in the conformal phase [36] . In any case we will not make use of the explicit expressions since in practice we will use the top and bottom quark masses to (numerically) fix the values of ∆ L1 and ∆ L2 in terms of the remaining parameters of the model. We have checked that, in all the cases we have considered, the hierarchy ∆ L2 /∆ L1 1 is preserved.
As we said, the top and bottom quark masses are used to fix the values of ∆ L1
and ∆ L2 . A third parameter, that we take θ s can be fixed from the value of the strong coupling constant
All the other parameters, namely
be allowed to vary. In order to reduce the dimensionality of the parameter space we have fixed all the composite fermion masses 1 to a common one
Similarly we have fixed
as they are expected to be numbers somewhat larger than one. For each value of s tR , always a charge −1/3 quark that decays, with 100% branching ratio, into Hb. [5] [6] [7] [8] [9] . In order to test this scenario we have considered an alternative fermion mass configuration in which all multiplets are 50% heavier than Q,
(Lightest Q).
2 The 100% branching fraction into Hb has to do with the degenerate bidoublet structure of the model, see Appendix A. If the heavy particle involved was an electroweak doublet, instead of a custodial bidoublet, we would get BR(B H → Hb) = BR(B H → Zb) = 50%. branching ratio into Hb. In the following we will denote this quark, which is the one we will be focusing on in this work, B H .
Once we have discussed the features of the fermionic spectrum and their decay patterns, we turn our attention to the only two remaining parameters in the model, namely the heavy gluon, M G * , mass and the composite coupling, g c . In order to avoid too large a width for the heavy gluon we will choose its mass so that pair production of top and bottom partners is kinematically forbidden. Thus, we fix the 
III. Hbb VIA SINGLE PRODUCTION OF TOP/BOTTOM PARTNERS
As we have discussed in the previous section, the heavy gluon can have a sizeable decay branching ratio into B Hb +B H b, where B H is a charge −1/3 quark that is typically relatively light and decays always to Hb. Thus, single production of B H via the s-channel exchange of G * results in an Hbb final state with a significant production cross section. We show in Fig. 3 the Hbb production cross section, as a function of the heavy gluon mass, with the parameters fixed according to Eqs. mass equal to M G * /2. This production cross section is sizeable but not large enough to allow us to use the cleaner H → γγ, ZZ * decay channels. Among the two leading decay channels, we have found that the H → bb is the most promising one. The main reasons are the large number of b quarks in the final state, which is a very powerful discriminator against the background, together with very special kinematics inherited from the large masses of G * and B H . As we now show, the latter ensures a clean trigger and a very simple reconstruction algorithm.
The process we are interested in is therefore
Due to the large masses we can probe at the LHC, all four b quarks in the final state are very hard. We show in Fig. 4 (left) the p T distribution of the four b quarks at the partonic level, for a heavy gluon mass M G * = 2. One important feature is that, due to the relatively large mass of B H , the Higgs boson tends to be quite boosted and its decay products relatively aligned. We show in Fig. 4 
IV. EXPERIMENTAL ANALYSIS
In this section we describe a very simple experimental analysis that takes advantage of the kinematical features discussed in the previous section to disentangle the signal from the background. In our simulations we have used MadGraph v4 [41] and Alpgen v2.13 [42] for parton level signal and background generation, respectively.
We have set the factorization and renormalization scales to the default values and used the CTEQ6L1 PDFs [43] . We have used Pythia v6 The main background to the pp → G * → B Hb +B H b → Hbb → 4b process we are interested in comes from the irreducible QCD 4b production. Other purely hadronic backgrounds are suppressed by the small b-tagging fake-rate (we conservatively set 1/100 for light jets and 1/10 for c-jets) and can be neglected. The same happens to other SM processes in which at least one isolated lepton is produced (we will impose a lepton veto to reduce these to negligible levels). Thus, the only background we have to consider is the irreducible one. Still, the QCD 4b cross section is so large that we have been forced to generate events in the phase space region defined by In light of the results of NLO studies [46, 47] we have assumed that the shape in the p T distributions is well described by our leading order calculations but the total cross section must be corrected with a k-factor that we conservatively set to 1.5.
In order to bring the irreducible background down to manageable levels, we impose the following set of cuts:
60 GeV (LHC14),
300 GeV (LHC14),
200 GeV (LHC14),
where we have denoted b 1,2,... the b-jets in decreasing order in p T , b generically denotes all b-jets and finally b H and b H are the two b-jets that better reconstruct the Higgs.
We impose different cuts on the p T of the b-jets for LHC8 and LHC14. We now use the invariant mass of the four leading b-jets as the discriminating variable. We require the events to have a 4b invariant mass close to the test mass for the heavy 8 TeV gluon:
The efficiencies of the different cuts for the signal (with M G * = 2.5 TeV) and the irreducible background are given in Table I . The relatively low efficiency for the signal of the N b cut is due to the fraction of boosted events. We show in Fig. 5 (left) the invariant mass of the four leading b-jets, after the cuts in Eq. 
V. DISCUSSION OF THE RESULTS
The analysis described in the previous section takes full advantage of the kinematical features of the signal to extract it from the background. Other searches, not specifically aimed at this model can be somewhat sensitive to the signal we are considering. Among them, the two most important ones are searches with many b-quarks in the final state, typically motivated by supersymmetric models, and searches for new physics in dijet final states. The latter has been shown to impose stringent constraints on these kind of models [21] but they are less related to the particular final state that we are considering in this work. We have found that, among the former, searches for Hbb production in supersymmetric models Due to the large energy of the final state particles in our model, the fake missing transverse energy is non-negligible and these searches are sensitive to our model. It is interesting to note that analyses in which sophisticated observables are used to avoid contamination from fake missing E T (like α T in [48] ) kill our signal together with the multi-jet background. However, other analyses in which the rejection of fake missing energy is less sophisticated impose some constraints on the parameter space of our model. We have used [49] that analyzes the full 8 TeV LHC data and show that, although this search imposes some constraints on the model, our modified analysis in which the missing energy requirement is replaced for a more stringent requirement in terms of the p T of the different b-jets, leads to a much better reach.
This is an example of a very simple modification of current analyses that could maximize the number of models the searches are sensitive to.
Once we have described the experimental analysis and our results for the corresponding efficiencies we can report on the expected bounds and discovery reach at the LHC. Our main result, summarized in Fig. 6 , shows the expected 95% C.L.
upper limit on the Hbb production cross section as a function of the heavy gluon mass. We overlay the cross sections for several points in parameter space for our The sensitivity of the LHC8 and LHC14 to different parameters in the model is shown in Fig. 7 in which we give the sensitivity that can be reached, as a function of s bR (left) and g c (right), for different values of the heavy gluon mass and for the two LHC configurations with LHC8 on the top row and LHC14 on the bottom one. In order to account for the finite statistics, we use SigCalc [50] , that takes
where L data and L MC represent the actual and the generated luminosities respectively. The results given by SigCalc reduces to
in the limit τ → ∞. In this plot we also show the bounds derived from dijet searches [51] , which are more constraining than multi-b searches for our model. As we see, despite the stringent bounds on the model from dijet searches, there are allowed regions in parameter space with heavy gluon masses in the 1.5 − 2.75 TeV range that could be discovered with the LHC8 data. At the LHC14 masses up to 5
TeV can be constrained and up to 4.5 TeV discovered with 100 fb −1 .
VI. CONCLUSIONS
Light top and bottom partners are a common prediction of natural models of 
where
Note that s 2,3,4 are all proportional to ∆ L2 and are therefore expected to be small.
The fields of this basis are written in terms of the elementary and composite states as follows:
and c i = 1 − s 2 i for i = 1, . . . , 4. In this basis, the heavy gluon has the following off-diagonal couplings
where we have neglected terms that are suppressed by ∆ L2 /M . The mass matrix in Eq. (A1) can be further simplified by means of the following rotation
In the new basis b,B, B + , B − , B, the mass matrix reads
Recall that s Hb from its B + component.
3
The large coupling between B + andB, together with the suppressed coupling betweenB and the SM bottom quark can lead to an interesting situation in which the heavy partners show a very slow decoupling. In order to see this effect, let us consider the limit in which the only light new quark isB
In particular we consider thatB is well within the LHC reach whereas all other particles are well above the LHC threshold. The small value of s 3 and s 4 allow us 
where P L,R = (1∓γ 5 )/2 are the standard chirality projectors. In the slow decoupling limit of Eq.(A14) we can obtain approximate analytic expressions for these couplings 
where we have used that the bottom quark mass is approximately given by
This is a very conservative estimate of the mass scale at which B + stops having a profound impact on the decay pattern of B l . A more quantitative result is given in Non-minimal composite Higgs models [29] [30] [31] [32] [33] [34] can contain extra neutral singlets η in the spectrum of pseudo-Nambu-Goldstone bosons. This happens for instance in the case of the SO(6)/SO(5) [29] or SO(7)/G2 [33] cosets, in which the scalar Lagrangian has an η → −η symmetry that is only broken by couplings to the SM elementary fermions 4 . Thus, η can couple linearly to fermions but with a coupling suppressed by a factor 1/f , with f the compositeness scale, through the operator
where Y is the fermion Yukawa coupling and c is expected to be order one (other dimension 5 operators are equivalent to this one via the classical equations of motion). The main standard production mechanism for η would then be gluon fusion but with a rate that is suppressed by a factor v 2 /f 2 with respect to the SM Higgs gluon fusion production. In addition, the main decay of η is into a bb final state for masses below ∼ 350 GeV, which suffers from a huge QCD background. Thus, in these cases, process similar to the one we have considered in this work, with the replacement of H with η,
could provide the leading channel to discover the composite singlets. 4 A vacuum expectation value for η could generate an ηHH coupling from the loop-induced scalar potential. In explicit models, however, a large region of parameter space is compatible with η = 0 [6] 
